In the present study, the degradation of amoxicillin trihydrate (AMT), using synthesized nanoscale zerovalent iron (nZVI) and bimetallic Fe and Ni nanoparticles stabilized with chitosan (Cs-Fe/Ni), in water was investigated. A central composite design combined with response surface methodology and optimization was utilized for maximizing the AMT reduction by the nanoparticles-water system. The importance of the various variables and their interactions were analyzed using analysis of variance and t-test. The effects of independent parameters were tested and the results showed that the initial concentration of AMT, pH, and nanoparticles dosage were all significant factors. Field-emission scanning electron microscopy images indicated that chitosan acts as a stabilizer preventing the agglomeration of nanoparticles. Also, chitosan and Ni increased the specific surface area of Cs-Fe/Ni. X-ray diffraction confirmed the existence of Fe 0 in fresh samples and the presence of Fe(II) and Fe(III) after the reaction with AMT. This study demonstrates that the nZVI technology could be a promising approach for antibiotic wastewater treatment.
INTRODUCTION
In recent years, antibiotics have been widely used for medicine and therapy. Amoxicillin is one of the main antibiotics that benefits humans and animals. Unfortunately, these antibiotics are discharged into the aquatic environment and have emerged as a potential risk to the environment and organisms. Some of the harmful effects caused by discharged antibiotics include aquatic toxicity, resistance in pathogenic bacteria, and genotoxicity (Nawi et al. ) . Some studies have recently reported on the effective degradation of amoxicillin trihydrate (AMT) under different treatment processes. Many methods have been applied to remove amoxicillin and other antibiotics, including ozonation, sorption, advanced oxidation processes, chemical precipitation, ion exchange, and electrolysis (Homem & Santos ) .
Iron is one of the metals which can be profusely found on the earth. Zero-valent iron is one type of iron which is a strong reducing element. Zero-valent iron is used for pollution demolition because of advantages such as its easy access, effective degradation, and low waste. Lately, the synthesis of iron nanoparticles has been of specific interest to researchers. Iron nanoparticles and iron powder have been widely investigated in the removal of phenol and other organic matters (Kassaee et al. ) . Nanoscale zero-valent iron (nZVI) was also used in the elimination of metals (Ponder et al. ) , herbicide (Joo et al. ) , aromatic compounds (Choe et al. ) , and arsenic (Kanel et al. ) . In rather comparable conditions, such a process allows contaminant removal in a short time compared to a conventional process like biodegradation (Gotpagar et al. ) . Elimination of contaminants occurs on the surface of iron nanoparticles (Wang & Zhang ) . In most studies, the particles perform best when the size is typically around 1-100 nm (Lu et al. ; Xu & Wang ) .
Chitosan is one of the special natural polymers that exhibit many advantages such as antimicrobial activity, excellent biocompatibility, good mechanical strength, bioadhesiveness, biodegradability, and low toxicity (Liu et al. ) . Lately, this natural biopolymer has been used with other nanoparticles in a sorbent technology, including its use as a stabilizer, a recovery agent, and as a secondary coagulant, to increase the efficiency of adsorbent in the removal of pollutants (Nawi et al. ) . Previous studies have indicated that nZVI stabilized by chitosan increases its dispersal and stability for the removal of heavy metals (Geng et al. ) .
Iron-based bimetallic nanoparticles have received attention for removal of pollutants. Ni has a catalytic effect, which can provide better corrosion stability, and lower cost for site remediation. Thus, this catalyst makes ironbased bimetallic nanoparticles more stable in the air, preventing oxidation (Weng et al. ) .
Given the findings of previous research, this study set out to use a catalytic metal, Ni, with nZVI to form bimetallic nanoparticles and use chitosan polymer to stabilize them. Afterwards, the characterizations of nZVI and bimetallic Fe and Ni nanoparticles stabilized with chitosan (Cs-Fe/Ni) for the removal of AMT were studied.
MATERIALS AND METHOD

Synthesis of nZVI
In this research, nanoparticles were generated by reducing ferric iron in the presence of sodium borohydride. These particles were synthesized with 1:1 volume ratio of NaBH 4 and FeCl 3 .6H 2 O. Then, a solution (0.16 M) was added dropwise into FeCl 3 .6H 2 O (0.1 M) under vigorous magnetic stirring in atmospheric conditions for 1 hour (Daraei & kamali ) . Finally, fine black particles were obtained and precipitated according to the following reaction:
(1)
Synthesis of Cs-Fe/Ni nanoparticles
Cs-Fe/Ni nanoparticles were synthesized by the reduction method in presence of chitosan as a stabilizer agent. The deionized water was deoxygenated by nitrogen gas for 30 minutes. Other reagents were prepared using this deoxygenated deionized water. For this purpose, first, a solution of chitosan (0.5%) in 0.05 M of acetic acid and distilled water was prepared, and then was placed in a shaker for 15 minutes. In the next step, FeCl 3 .6H 2 O (0.36 mol) was dissolved in a 3/1 (v/v) absolute ethanol/deionized water solution (7 mL ethanol þ 3 mL water). Also, NiSO 4 .6H 2 O (0.34 mol) was dissolved in 10 mL of distilled water. Finally, these two solutions were added into the chitosan solution. Then 100 mL of NaBH 4 was added dropwise into the mixture and stirred strongly and constantly for 60 minutes. Black solids of nanoparticles were formed after addition of NaBH 4 solution. After the 1 hour, vacuum filtration was applied to collect the bimetallic nanoparticles. During the filtration process, solid particles were repeatedly washed with 99% absolute ethanol. Then, nanoparticles were dried at 80
W C under vacuum overnight (Weng et al. , ) .
Chemicals and batch experiments
The stock solution containing 1,000 mg/L of amoxicillin was provided by dissolving this antibiotic into deionized water. Batch experiments were performed by adding nanoparticles in 250 mL bottles containing amoxicillin, and the following parameters were examined: the contact time ( The response surface method was used to analyze the data. To this end, a central composite design (CCD) was applied to delve into the effect of the operating variables such as pH, sorbent dosage, and amoxicillin concentration on the performance of the sorption process. Thus, to optimize the parameters and investigate the interactions between these independent parameters for amoxicillin biosorption, response surface modeling (RSM) was utilized.
Experimental design
RSM is an experiential statistical method that uses quantitative data collected from appropriately designed experiments to define a regression model and operating conditions. The main purpose of RSM is to assess the optimum set of operational variables of the experiment. This method has widely been used in chemical and sorption reaction optimization (Kunwar et al. ) .
A statistical experimental design based on CCD was contrived (Kunwar et al. ) and the output was measured for alternative variables of initial concentration, pH, time, and nanoparticles dosage coded as x 1 , x 2 , x 3 , and x 4, respectively. These variables were studied at five levels (À2, À1, 0, 1, 2) and the dependent variable was Y (response). The Minitab software package (version 16.2) was used to design and estimate these five independent variables at five levels on the responses according to Equation (2). The ranges of the variables are shown in Table 1 . The experimental efficiency for different levels of variables is indicated for 31 runs.
where
RESULTS AND DISCUSSION
Characterization of nZVI and Cs-Fe/Ni particles
FESEM
Synthesized nanoparticles were analyzed to identify the size and characteristics of these nanoparticles. Accordingly, field-emission scanning electron microscopy (FESEM) was used to scrutinize the morphology and the size diffusion of synthesized nanoparticles. Figure 1 (a) and 1(b) show FESEM micrographs of these fresh particles. Synthesized nanoparticles were in the size range of 25-50 nm. These micrographs showed that these synthesized particles are not discrete. The results indicated that these nanoparticles are spherical and interconnected in chains of beads. As shown in Figure 1 , on the spherical particles there were string-like structures. These structures increased the active and available surface area of reaction (Rasheed et al. ) . Good dispersibility of the iron nanoparticles and bimetallic nanoparticles were attributed to the performance of chitosan. Metallic nanoparticles tended to agglomerate in aqua solution to form larger hunks, thus losing their reactivity and mobility (Su et al. ) . To prevent aggregation and to improve the surface of nanoparticles, stabilizers (such as bentonite and Chitosan) have been added onto the nanoparticles during the synthesis process (Su et al. ) . In fact, these stabilizers, by reducing the potential for electrostatic hindrance, made the nanoparticles stable.
EDX
Localized Cs-Fe/Ni and nZVI information from the chosen region was obtained with energy-dispersive X-ray spectroscopy (EDX). EDX analysis of nZVI and Cs-Fe/Ni is presented in Figure 2 (a) and 2(b). The presence of Fe and Ni ions on the surface of fresh CS-Fe/Ni nanoparticles is confirmed by EDX. The elemental compositions of Fe, Ni, O, S, and Na in these nanoparticles were 70.32, 13.78, 4.97, 1, and 9.72 wt%, respectively (Figure 2(a) ). The presence of elements such as sulfur and sodium, along with particles, was due to the presence of these elements of chitosan polymer. Also, EDX analysis of nZVI confirmed the presence of metal element and it was apparent that these synthesized nanoparticles contain high amounts of Fe (81.72%).
XRD Figure 3 and Figure 4 show the X-ray diffraction (XRD) pattern of the synthesized nanoparticles. XRD patterns for nZVI and Cs-Fe/Ni nanoparticles before and after reacting with AMT were done at 2θ angles ranging from 10 to 80 Table 2 . Compared to nZVI, the perceived specific surface area of Cs-Fe/Ni has increased, which relates to the presence of nickel on the surface of the iron nanoparticles. Also, the pore volumes of nZVI and Cs-Fe/Ni are 0.316 and 0.45 cm 3 /g, respectively. Compared to nZVI, a slight increase in the porosity of Cs-Fe/Ni is possibly caused by the presence of some of the pores in Ni with iron nanoparticles.
FTIR
The nanoparticles were also characterized by using Fouriertransform infrared spectroscopy (FTIR). To discern the structure of nZVI and Cs-Fe/Ni, the synthesized nanoparticles before and after reacting with AMT were investigated using the FTIR technique. Figure 5 exhibits the FTIR spectra of chitosan (a), nZVI (b), Cs-Fe/Ni (c), nZVI (d) and Cs-Fe/Ni (e) after removing AMT respectively. As seen in Figure 5( conditions might provide the design basis for an industrial-scale process. A second-order polynomial equation is proposed for the prediction of the yield for nZVI (Equation (3)) and Cs-Fe/Ni (Equation (4) Tables 3 and 4 . The larger the t-value and the smaller the p-value, the more significant the corresponding coefficient. Based on the statistical results (ANOVA) with confidence level of 95%, the effect of each term in the models could be significant provided that its pvalue is smaller than 0.05.
Effect of the different parameters
Initial concentrations of different reactants, i.e. AMT, nZVI and Cs-Fe/Ni, time and pH would significantly affect the AMT degradation. To investigate these initial parameters, a series of comparative experiments were conducted. pH of the solution was adjusted using dilute HCl and NaOH. Removal was optimal at acidic pH. The degradation efficiency reached the maximum value of 69% at pH 4 and the AMT concentration of 30 mg/L with nZVI. The results also show that a higher uptake efficiency (85%) was achieved at pH 2 and the AMT concentration of 29.45 mg/L with Cs-Fe/Ni. Hence, it was clear that acid conditions suit the degradation of AMT process and this pollutant could be adsorbed onto the Fe particle surface more easily at acidic pH.
The removal of AMT by iron nanoparticles directly depends on the contact between the organic contaminant and reactive site on the nanoparticle surface. Amoxicillin first spread through the solution to the nanoparticle surface and then was adsorbed on the reactive surface of iron particles. When the impressive contact between molecular AMT and iron nanoparticles occurred, iron nanoparticles, as an electron donor, were corroded. After the iron corrosion process, the produced hydrogen ions were adsorbed onto the catalytic Ni 0 surface and a (5)- (10) (Bokare et al. ; Weng et al. ) .
Also, at high pH the degradation of AMT decreased. In the alkaline condition, low generation of H 2 blocked the degradation of AMT, and ferrous hydroxide precipitates also produced an inactive layer on the catalyst and ZVI particle surface. These layers cover the reactive sites and make these nanoparticles ineffective (Ghauch et al. ; Weng et al. ) . In addition, with pH increase, electrostatic repulsive force becomes operative, which thereby retards diffusion and adsorption. Also, the iron corrosion in the presence of oxygen can create hydrogen peroxide (Equation (11)). This hydrogen peroxide could react with the Fe 2þ Equation (11) and create strong oxidants such as OH • and ferryl (iron(IV)) species (He et al. ) .
It is observed from Figures 6 and 7 that the degradation of AMT by nZVI and Cs-Fe/Ni increased with increase in the initial concentration to 30 mg/L and 29.45 mg/L, respectively, while it is observed that after this amount, there was reduction in the AMT removal efficiency. In high concentrations, amoxicillin occupies a greater number of active sites on the nanoparticle surface. Thus, higher initial AMT concentration would lead to the decrease of produced OH on the iron surface and thus prolong the reaction time. The p-value is used to determine the effect of each parameter; it should be less than 0.05. The ANOVA statistical test shows that there was a statistically significant difference between the removal efficiency by pH and concentration (p-value <0.05).
The change in removal efficiency under various nanoparticle dosages is shown in Figures 6(b) and 7(a) . The results show that an increase in nZVI and Cs-Fe/Ni dosage increased the reduction in AMT, as the remaining AMT decreased. Also, as seen from these figures, by increasing nanoparticle dosage, removal efficiency did not change. Usually, the reduction of organic contaminants with Fe particles is a surface function. This can be attributed to an increase in the surface area of nanoparticles available for this organic pollutant (Weng et al. , ) . The results indicated that increasing fresh iron dosage could increase the iron surface and could accelerate the reactions of iron corrosion and production of OH
• . Due to its high specific surface and high reactivity, nano-iron particle has a remarkable potential for elimination of organic ions.
Regarding contact time, the results showed that the optimal times to remove AMT by nZVI and Cs-Fe/Ni were 80 min and 76.23 min, respectively; AMT removal was found to increase with time up to the optimum value, and then a plateau was reached up to 85 min as shown in Figures 6(b) and 7(b). The AMT removal in the given time was attributed to the site junction between active surface groups and AMT. Also, the further sorption at the times above can be explained by an increased availability in the active bonding sites on the sorbent surface area (Joo et al. ) . Finally, the results of this study are presented in Table 5 .
CONCLUSION
In this study, chitosan has been applied as a stabilizer for bimetallic nanoparticles, inhibiting the agglomeration of nanoscale metals. These metals disperse well on the surface of this polymer, providing more effective sites for degradation of AMT.
Results of batch experiments demonstrate that Cs-Fe/Ni can more effectively remove AMT from aqueous solution compared with non-supported nZVI. According to the results, nanoscale iron can be used to remove organic pollutants in water, under reduction reactions, and adsorption and precipitation processes. Because of its quick reaction, low cost, and convenience to obtain, this material has gained interest for removal of pollutants in environment. The theoretical treatment by CCD gave interactive influence of various parameters on the efficiency of AMT removal. Taken together, it can be safely concluded ,based on experimental and theoretical data, that nanoscale iron can be efficiently used as a low-cost suitable sorbent for the removal of AMT. 
